Episodic memories are encoded by a sparse population of hippocampal neurons. In mice, optogenetic manipulation of this memory engram established that these neurons are indispensable and inducing for memory recall. However, little is known about their in vivo activity or precise role in memory. We found that during memory encoding, only a fraction of CA1 place cells function as engram neurons, distinguished by firing repetitive bursts paced at the theta frequency. During memory recall, these neurons remained highly context specific, yet demonstrated preferential remapping of their place fields. These data demonstrate a dissociation of precise spatial coding and contextual indexing by distinct hippocampal ensembles and suggest that the hippocampal engram serves as an index of memory content.
N umerous theories have attempted to link the physiology of the hippocampus with its role in episodic memory (1, 2) ; however, experimental tests of these ideas remain scarce. One prevailing model suggests that the hippocampal memory trace contains rich information about the animal's current location within the cognitive domain, providing a spatial framework on which events and items can be anchored and related [cognitive map theory (3, 4) ]. This model is supported by data demonstrating that synaptic plasticity stabilizes these hippocampal maps and that animals can reliably recall these representations, even at remote time points (5, 6 ). An alternative, although not mutually exclusive, hypothesis, the memory index theory, asserts that the hippocampal memory trace is primarily an index that provides rapid and efficient access to the content of an episodic memory stored in the neocortex (7, 8) . This theory is agnostic to the information content in the hippocampus, emphasizing its role in reactivating downstream cortical modules, with plasticity serving to establish a link between the hippocampal index and the neocortical activity pattern.
Although place cell physiology supports the cognitive map theory (9) , behavioral studies using contextual fear conditioning [CFC (10) ] may be better interpreted via the memory index theory. In CFC, the contextual representation is index-like because its formation requires conjunctive exposure to cues and its rapid recall does not require physical exploration of the environment (11) . Moreover, the expression of activity-induced genes, such as c-Fos, is rapidly and robustly induced in a specific neuronal ensemble after presentation of novel configurations of stimuli and is thought to define the neuronal substrates of the contextual representation (12, 13) . Recent studies (14) further strengthen this view, demonstrating that inhibition of hippocampal engrams can block memory recall in contextual tasks, whereas activation can drive context-triggered behavior (15, 16) . The link between this contextual memory representation and precise locations or routes represented by place cells during exploration remains unknown.
We therefore conducted tetrode recordings from CA1 pyramidal cells in freely moving c-FostTA (tetracycline-transactivator) transgenic mice infused with virus expressing channelrhodopsin2 and enhanced yellow fluorescent protein under the control of the Tet-responsive element (AAV-TRE-ChR2-EFYP). Doxycycline was removed from the diet of the mice, triggering labeling of c-Fosexpressing (positive) cells with ChR2, and place cell activity was recorded as mice explored a novel context (A; encoding context; Fig. 1A ). The next day (12 to 14 hours later; fig. S1 ), the animals were reexposed to context A (recall) to examine the stability of the spatial map. CA1 was stimulated with pulses of blue light (10 mW, 0.5 Hz, 15 ms) to identify the subset of cells that expressed ChR2 as a result of c-Fos expression during the first session (Fig. 1B and fig. S2 ). In a separate cohort of mice, we verified that this OptID protocol did not affect excitability or spatial coding properties of the labeled neurons ( fig. S3 ). Across the seven animals used in this study, 19.59 ± 2.65% of putative pyramidal cells exhibited lightinduced spikes and thus were identified as c-Fos positive (Fig. 1C) . This fraction is consistent with previous reports (17) . Finally, the same mice explored a distinct environment (B) to examine context-specific activity (18) .
We first examined the spatial firing of c-Fospositive neurons as the animals explored the novel context A. The majority (79.31%) of these cells had place fields in the labeled context ( Fig. 1D; see methods for place field criteria). However, a large fraction (75.53%) of the active place cells were not labeled with ChR2 (Fig. 1E) . Although physiologically similar, with indistinguishable peak firing rates ( Fig. 1F; We next analyzed the temporal structures of spike activity during exploration (A, encoding). Interspike interval (ISI) analysis revealed that spikes from engram cells were more likely to occur in bursts (3-to 15-ms ISI) ( Fig. 2A) . These neurons had significantly higher burst rates ( ). We defined theta-burst events (TBEs) as bursts repeated at IBIs of 83 to 167 ms (6 to 12 Hz) and compared this property across the groups. During exploration of the novel context A, c-Fos-positive cells showed higher rates of TBEs than c-Fos-negative place cells ( We then examined the temporal modulation of place cell spiking by the oscillatory population activity in the local field potential (LFP) (A, encoding). CA1 neurons can be entrained by the theta (6 to 12 Hz) rhythm, as well as by slow (30 to 50 Hz) and fast (55 to 85 Hz) gamma oscillations, which correlate with CA3 and entorhinal cortical inputs to CA1, respectively (19) . Spikes from c-Fos-positive and -negative cells were similarly theta entrained and preferred the ascending phase of the oscillation (Fig. 3 , A and B; mean preferred phase, pos: 229.9 ± 1.73°; neg: 199.2 ± 1.85°, W = 0.42, p = 0.81). However, TBE spikes in positive neurons preferentially occurred during the descending phase, whereas those in negative neurons remained locked to the ascending phase (Fig. 3 , C to E; mean preferred phase: pos: 170.7 ± 1.86°; neg: 325.7 ± 1.54°, W = 62.66, p = 2.5 × 10
−14
). Next, to address any differences in coupling of positive and negative neurons to CA1 inputs, we examined spikes during gamma events. Significantly more spikes from positive neurons occurred during fast gamma events, and a larger fraction of these neurons were phase locked to fast gamma oscillations compared to the c-Fos-negative population ( Fig. 3F ; percentage of spikes: pos: 2.62 ± 0.17%; neg: 2.19 ± 0.11%, W = 1067, p = 0.0072; percentage of phase-locked cells: pos: 26.09%; neg: 14.08%, chisquared test, p = 0.0014). There was no significant difference in spiking or phase locking between the groups during slow gamma ( Fig. 3G ; percentage of spikes: pos: 5.81 ± 0.31%; neg:
5.53 ± 0.23%; W = 888, p = 0.53; percentage of phase-locked cells: pos: 26.09%; neg: 29.58%, chi-squared test, p = 0.62). These data suggest that although both populations of neurons are similarly tuned to CA3-driven excitation, c-Fospositive neurons may be more responsive to input from the entorhinal cortex, resulting in the temporal shift in their distinctive theta-paced bursting.
Finally, we examined hippocampal activity during memory recall and assessed the stability of the spatial representation of engram cells when animals revisited the labeling context (A). Contrary to expectations of a spatial memory trace, many of these cells shifted their firing locations during the second visit (Fig. 4A and fig. S6 ). In positive neurons, the average correlation of the firing-rate maps from the encoding and recall sessions was close to zero, significantly lower than that from negative place cells ( Fig. 4B ; pos: 0.079 ± 0.070; neg: 0.31 ± 0.052, W = 560, p = 0.010). However, correlations of the mean firing rate, independent of position, were similar across both populations of cells ( Fig. 4C ; pos: 0.36 ± 0.053; neg: 0.36 ± 0.029, W = 412, p = 0.81), suggesting that c-Fos-positive neurons represent contextual information in a different manner. Therefore, we examined their activity in a distinct context. When animals explored context B, many c-Fos-positive cells remained silent (Fig. 4A and fig. S6 ; 43.5% of positive place cells had a peak rate of <1 Hz in context B; peak Tanaka Fig. 4G ; spatial correlation, A/A: 0.31 ± 0.052; A/B: 0.013 ± 0.052, W = 982, p = 0.00029). These data are consistent with the hypothesis that engram cells do not necessarily represent reliable spatial information about the external world, but rather through their net activity serve as an index to episodic information stored elsewhere in the brain (7, 8) . We therefore sought to discriminate Tanaka contexts only from firing-rate correlations of a subpopulation of neurons. We randomly subsampled c-Fos-positive neurons and an equivalent number of c-Fos-negative place cells and calculated the correlation of the mean firing rates of each population between context A (encoding) and A (recall) or between context A (encoding) and B (novel), repeating the procedure 1000 times (see methods). As a population, the firing rate of c-Fos-positive place cells reliably discriminated the two contexts, whereas the firing rate of the ensemble of negative cells did not ( Fig. 4H ; probability of finding a higher correlation in A/B than A/A, p = 0.002 for positive ensemble, p = 0.57 for negative ensemble). This was also evident in the discrimination index ( Fig. 4I ; probability of finding a greater index in the negative than the positive ensemble, p = 0.049). In contrast to the negative ensemble, context discrimination from firing-rate correlations of c-Fos-positive cells was prominent early in the recall session, demonstrating high correlation to the average rate of the encoding session during the first few minutes, or even the first 10 s (Fig. 4J and fig. S7 ; prob- suggesting that the plasticity involved in engram formation is distinct from that for formation of place fields. During encoding in the labeled context, engram neurons demonstrate repetitive theta-frequency bursts. In vitro, this pattern of action potentials is known to produce a form of long-term potentiation mediated by brainderived neurotrophic factor (BDNF) secretion and dependent on c-Fos expression (20, 21) . c-Fos expression and theta bursts have been observed in CA1 when animals perform a non-spatial memory task (22, 23) , suggesting that this activity may be a signature of hippocampal engrams indexing broader types of memories. Our study does not support the idea that the hippocampal engram simply encodes spatial memory because these neurons do not maintain their firing locations in the same environment across time. Instead, we propose that these cells may serve as an index for contextual memory through a shift of firing rates. Compared to other place cells, during recall these c-Fos-positive neurons rapidly spike at rates that are highly correlated to their activity during the encoding period and are preferentially silent in a distinct context. This feature may explain why optogenetic stimulation of the hippocampal engram can influence contextual memory recall ( fig. S8) (24) , despite lacking temporally meaningful pattern of spikes. Inhibition of the CA1 engram reduces downstream cortical reactivation (25) , consistent with a role in indexing. Our data suggest that specific ensembles of hippocampal neurons simultaneously support distinct domains of episodic memories-spatially reliable c-Fos-negative neurons for configurational coding and spatially unstable engrams for contextual indexing.
